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Abstract

1. Introduction

Students at the University of
Colorado at Colorado Springs (UCCS) and
the United States Air Force Academy
(USAF A) are designing, building, and
testing a spacecraft scheduled to fly on a
Lockheed Martin Atlas/Centaur in October
1997.
The mission objective is to
characterize the Global Positioning System
(GPS) signal for use in orbit determination
above the GPS constellation. Falcon Gold
will remain on the spent Centaur in a
Geosynchronous Transfer Orbit (GTO)
relaying GPS signal measurements for
approximately two weeks until the on-board
batteries expire. These measurements will
characterize the signal to noise ratio and
may yield an orbit solution during ground
post-processing ofthe collected data.
This paper discusses the Falcon Gold
spacecraft design and mission. It explores
the rationale for conducting such an
experiment, explains the concept of
operations for this mission as well as the
plan for processing the data following the
two-week life of the satellite. The paper also
details several spacecraft subsystems
including the GPS translator, command and
data
handling,
electrical
power,
communications, and structure.
The
verification plans and mission schedule are
presented.

In the late fall of 1996, the Lockheed
Martin corporation approached the United
States Air Force Academy (USAFA)
Astronautics Department with an incredible
opportunity. There was a possibility that an
Academy payload could ride on-board an
Atlas-Centaur launch carrying a DSCS-III
satellite to geostationary orbit. USAF A
Astro jumped at the chance, and the Falcon
Gold program was born.
The Academy collaborated with the
University of Colorado at Colorado Springs
(UCCS) for this mission. The Academy
would build the spacecraft, and UCCS
would design the ground station. This
explains the entomology of the mission
name: the falcon is the Academy's mascot,
and gold is one of the UCCS school colors.
The spacecraft will remain attached
to the spent upper stage, and will activate
The
after the DSCS has separated.
spacecraft will remain in Geosynchronous
Transfer Orbit (GTO) until it reenters the
atmosphere. This will carry the spacecraft
both above and below the altitude of the
Positioning
System
(GPS)
Global
constellation. Although there has been a
substantial amount of academic study of
utilizing GPS above the constellation, no
spacecraft have been able to verify any of
these theoretical predictions. This seemed to
be an ideal mission for Falcon Gold; the
USAF A GPS Flight Experiment (UGFE)
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interplanetary exploration by flying to the
moon. Glacier, named in honor of a recent
Academy gyrfalcon mascot, was to carry
four payloads on-board and be launched
aboard a converted Minuteman missile,
along with JA WSAT, a joint effort between
the Academy and Weber State University.
After the initial design and prototype
construction, USAF A Astro adjusted course
slightly to arrive at the current program
design proposal: the FalconSats.

will sample the GPS spectrum both above
and below the constellation, with the
anticipated result of becoming a proof-ofconcept mission for above constellation GPS
navigation for spacecraft.
This paper will outline the Falcon
Gold mission, including a brief history of
the Academy's small satellite program and
current direction, Falcon Gold mission
objectives and concept of operations, an
overview of some of its subsystems, and
where this mission will lead the Academy in
the future.

2.2 The FalconSat Concept

If Glacier were to fly with all four
original payloads, some of the requirements
would conflict with each other. For this
reason, the spacecraft split into four separate
microsatellites, each named in honor of a
different past Academy mascot: Glacier,
Phoenix, Thunder, and Lightning. Each will
be constructed with a common modular bus,
modified as necessary for each mission,
of free-flying
producing
a
series
microsatellites. The philosophy behind this
is to allow a wide variety of payloads to fly
aboard various FalconSats, without needing
to start the spacecraft design from scratch
for each new payload.
From an educational standpoint, the
goal of the program is to give a class of
senior cadets in the. small satellite program
the opportunity to apply the classroom
knowledge they have attained over their
years at the Academy in real world
situations, utilize teamwork to resolve
complex issues, and develop the critical
thinking skills necessary for officers in
today's military. During the fall semester,
the cadets design the spacecraft on paper,
applying the mission payload to the
FalconSat bus baseline and determining
what changes the mission requires. They
undergo a series of design reviews to
familiarize them with the design and

2. Background
2.1 Small Satellite history at USAF A

The mission of the United States Air
Force Academy (USAF A) is "to develop
and inspire air and space leaders with vision
for tomorrow" through academic, military,
and athletic training.
Emphasizing the
"space development" aspect of the
Academy, the Astronautics Department, is
charged to "develop the world's finest Air
Force officers with an understanding of
space."
Following the American Society of
Engineering Education Symposium in June
1991, USAFA Astro leadership decided to
incorporate small satellite design into the
curriculum. The dreams became reality in
May 1995, as the Academy's first prototype
spacecraft, USAF ASAT-B ("B" for balloon)
flew aboard a high altitude balloon. The
successful flight pr<?ved that spacecraft
design, construction, and operation was an
achievable goal for the Academy to strive
for.
The next year brought two spacecraft
prototypes that flew aboard balloons:
Glacier and Blue Moon. Blue Moon is an
ongoing project whose eventual goal is to
show that microsatellites can be used for
2

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

acquisition processes of the aerospace
industry in general, and the Air Force in
particular. During the fall semester, the
cadets build, integrate, and test the
spacecraft, with the course culminating in a
balloon launch or delivery to the launch
facility.

3.2 USAFA GPS Flight Experiment
(UGFE)

The second mISSIOn objective for
Falcon Gold is to conduct the USAFA GPS
Flight Experiment. Currently, the U.S. Air
Force spends sigmficant resources tracking
satellites in geostationary orbit (GEO).
Some spacecraft (including a number of
smaIl satellites) in low earth orbit (LEO)
have been able to utilize the GPS
constellation to obtain their own orbital
solutions; "smarter" satellites can "know"
where they are, reducing the load of
spacecraft tracking on the ground.
Satellites
above
the
GPS
constellation can use this information, too.
The reason for this is the signal from the
GPS spacecraft is broadcast such that it
actually extends beyond the circumference
of the earth. This produces a region on the
far side of the earth that spacecraft may pick
up the GPS signal. Figure 1 illustrates this
concept.

3. The Falcon Gold Mission

The Falcon Gold mISSIon, an
intermediate step toward the Fa1conSat
program, has two main objectives. First, it
will be the proving ground for many of the
"off-the-shelf' components that have been
designed for the Fa1conSat bus. Second, it
will be the platform for the USAF A GPS
Flight Experiment (UGFE).
3.1 Qualify Subsystems

In order to maintain the concept of
.'faster, better, cheaper," small satellite
designers often will use "off-the-shelf' (i.e.
not specifically built for flight in space)
components and then make them robust
enough to survive delivery and operation in
the space environment. This is also true
with the subsystems built for the FalconSats.
While testing components will provide more
assurance that they will work, the only way
to be certain of that fact is to launch a
mission into space. The communications
subsystem. the microcontroller computer,
and the electrical power subsystem (EPS)
for Falcon Gold are all composed of parts
that have been designed for the FalconSat
bus. Although not all of the subsystem is
present in some cases (e.g. the EPS is only
designed for the spacecraft's batteries and
the communications subsystem only has the
transmit half present), this test will provide
data for our design techniques, and allow us
to know that we can get some information
from an operational unit in orbit.

GPSZ-OZ

Figure 1. GPS Signal extending beyond the
circumference of the earth
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no activity at all until the Atlas has reached
an altitude of over 45,000 feet. Once this
occurs, the electronics board controlling the
electric power subsystem (EPS) will activate
a microcontroller with a timer programmed
to wait for 4000 seconds. Finally, if both of
those were to close prematurely, the main
computer on-board the spacecraft is
programmed to wait an additional 4000
seconds before it begins any activity.
Following· DSCS separation, the
Centaur upper stage (with Falcon Gold still
attached to it) will remain in GTO (apogee =
35,735 km, perigee = 286 km) until it
reenters the earth's atmosphere.
The
Centaur will have a tumble rate of
approximately 0.10 /sec along the x, y, and/or
z axes. Simulations of this orbit show that
with this slow rate of tumble, the ground
stations in Colorado Springs should be able
to pick up a significant number of Falcon
Gold transmissions, regardless of initial
orientation.
Once fully activated, Falcon Gold
will begin a cycle of activities that it will
repeat every five minutes until its batteries
are drained (approximately 2 weeks later).
At the beginning of each five minute cycle,
the spacecraft micro controller will "awaken"
from its sleep mode. Its first action will be
to activate the other subsystems. It will
synchronize the clocks on the GPS receiver
and
communications
terminal
node
controller (TNC) to ensure an adequate time
tag for post-processing. It will then query
the GPS receiver, which will sample the
GPS spectrum, and then send a 10,000 byte
data packet to the microcontroller. The data
acquisition will take 40 ms to complete.
The microcontroller will then send the GPS
data, along with a 52 byte health and status
packet (including the time tag, battery
voltage, and the temperatures of the
structural modules) to the TNC, which will

Although there has been much
academic study on using above-constellation
GPS 1, there have been, to date, no dedicated
spacecraft to test these propositions. Falcon
Gold will allow this sort of test to occur. As
it travels from perigee to apogee, Falcon
Gold will pass through the GPS orbital
altitude. It will sample the GPS spectrum
and transmit the raw data every five
minutes. Once the ground station receives
this data, post-processing will occur, in an
attempt to retrieve a GPS solution to find the
spacecraft's position at the time of
transmission. If it is successful, the UGFE
may introduce a new possibility for
autonomous geostationary spacecraft which
can determine their own orbits.
3.3 Falcon Gold Concept of Operations
3.3.1 Space Segment
The mission is scheduled to begin in
October 1997, with a launch aboard an Atlas
II-Centaur booster. The launch will be from
Cape Canaveral Air Force Station, Florida.
Four thousand (4000) seconds after lift-off,
the
main
payload,
a
DSCS-III
communications satellite will separate from
the launch vehicle assembly. To prevent
any possible interference with the DSCS or
the Atlas, Falcon Gold is prohibited from
performing any activities until this time.
In order to have Falcon Gold activate
after this time, there is a three-tiered system
to safeguard against premature activation.
First, two mechanical pressure/vacuum
switches in series ensure that there will be
1 Reference Thomas P. Yunck's "Orbit
Determination" bibliography in the AIAA
publication Global Positioning System: Theory and
Applications Volume II, Ed. Parkinson and Spilker,
Assoc Ed. Axelrad and Enge (pg. 589-592) for
sources of several studies on above-constellation
GPS navigation.
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compress the data, convert it to audio
signals, and send it to the transmitter. The
whole process takes approximately twenty
seconds to complete, and the microcontroller
then shuts everything off, and goes back to
sleep until the next cycle.

obtaining a position solution from the GPS
data will be the success for the UGFE.
4. Subsystems

The Falcon Gold spacecraft is
composed of the GPS receiver, structure and
thermal control, electrical power subsystem,
microcontroller,
and
communications
subsystem. The following functional block
diagram explains how they will interact.

3.3.2 Ground Segment

The ground segment of the mission
will be conducted primarily by the ground
stations in Colorado Springs. The antennae
will be pointed by utilizing NORAD Two
Line Element (TLE) Sets. The NORAD
data will be fed through a Kalman Filter to
constantly update the predicted orbital path.
When the spacecraft has line-of-sight with
the ground stations, the antennae will track
the spacecraft across the sky, ready to
receive the data. When data comes down
from the spacecraft, three independent
computers will record it and store it for later
processing. Additional data may become
available through amateur radio users, who
will then send their data over the Internet.
Figure 2 illustrates the ground architecture.

Figure 3: Falcon Gold Functional Block Diagram

This section will briefly explain specifically
what each subsystem is and its function in
the Falcon Gold mission.

Ground Station Architecture
4.1 Tidget (GPS Receiver Payload)

plctely redundant

The science payload for Falcon Gold
will be the "Tidget" (for "tracking widget")
GPS sensor produced by NAVSYS
Corporation. The device uses a technique
for gathering GPS data, that is called a
sparse sampling technique. This means that
the receiver acquires GPS data only
periodically, remaining "asleep" between
samples. The main advantage of this
technique over constantly scanning the GPS
spectrum is less power consumption, which
means, for Falcon Gold, a longer mission
lifetime.

%OOoowfM
'l\::nuinIlJ.-Node COIllroIkr

PC COltlpl.lk:T
'cphc:n:xrisg~tor(SlK)

·Ilfllcnnapointing

Figure 2: Ground Station Architecture for Falcon
Gold

Post-processing of the data will be an
attempt to obtain a GPS solution from the
data sent from the spacecraft. Receiving
transmissions will prove the success of the
qualification part of the mission, while
5

allowed for Falcon Gold. The two antennae
are the GPS receiver antenna
(square) and the communications
transmission antenna (circular).

The system consists of a patch
antenna, and an RF board. The antenna
receives the Ll (1575.42 MHz) frequency of
the GPS signal. Bandpass filters (2 pole
BPF) are used to center the received signal
spectrum to the LI frequency. The
information is contained in the phase of the
signal.
The Tidget device (GP 2010)
includes a preamplifier, a downconverter,
and a low pass filter. The downconverter
changes the RF frequency to an intermediate
frequency (IF) which is easier to handle. The
digital data buffer (DDB) stores the data and
transfers them to a connector, which is the
interface to the microcontroller. The data are
sampled for 40 ms every five minutes. The
EPROM contains the data acquisition time
for the tidget, which is 40 ms and the data
transfer rate which is 9600 baud (bits/s).

Figure 4: Side View of Falcon Gold

4.2 Structure and Thermal Control

The structure of Falcon Gold
consists of three parts. They are an adapter
plate, a subsystem box, and a box for the
batteries. The adapter plate is a 114" plate of
Aluminum bench stock that will be the
interface between the structure of the
spacecraft and the launch"vehicle. We have
designed a configuration that consists of two
deep drawn boxes. The first measures
1O.25"x9.37"x5". It will hold all of the
batteries for the spacecraft power. The
second box measures 8.5"x8.5"x3". It will
hold the rest of the electronics for the other
subsystems.
The two boxes are needed in order to
fit the spacecraft within the volume
envelope allotted by Lockheed Martin. The
following illustrations show the spacecraft
on the adapter plate used to attach Falcon
Gold to the Centaur. The dotted line around
the spacecraft is the volume envelope

Figure 5: Top View of Falcon Gold

The structure needs to support the
launch loads along a 45 degree angle from
the coordinate system of the rest of the
launch vehicle. Figure 6 illustrates this as
well as the interface between the spacecraft
and the launch vehide.
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mlsslon life. The batteries chosen for this
mission are Nickel-Metal Hydride (NiMH).
These were chosen to prove them for future
missions which will have on-orbit charging.
One disadvantage l~q using these batteries is
that NiMH batteries are secondary batteries,
that is, they are meant to be discharged and
recharged. While this cell chemistry gives
fairly
good
energy
density
and
charge/discharge cycle life, it also has selfdischarge characteristics that hurt a mission
with no charging capability. So, even with
careful management of payload power
consumption, mission lifetime will be
impacted by the self-discharge rate of the
NiMH batteries.
As one can see in Figure 7, the EPS
Functional Block Diagram, there are four
parts to the EPS: Batteries, Activation,
Regulation, and Distribution; and two blocks
of connections. The EPS circuitry is
implemented on a single printed circuit
board (PCB).

Atlas

Figure 6: Falcon Gold Interface with Launch
Vehicle and Load Directions

The thermal control for Falcon Gold
is completely passive. It consists of a
Kapton blanket surrounding the spacecraft
on all sides with the exception of the top,
which is where the antennae are located, and
the bottom, where the spacecraft is attached
to the Centaur. The thermal insulation is
necessary to keep the spacecraft closer to a
steady state temperature which the electronic
components can safely operate in.
The structure may be used in future
spacecraft, although it is not the baseline
design for the FalconSat bus. The passive
thermal control is that of the FalconSat bus.

4.3 Electrical Power Subsystem (EPS)
The Electrical Power Subsystem
(EPS) takes energy from up to 30 batteries
and converts and distributes electrical power
to the payload devices. This is a simple
supply-only system since there is no on-orbit
charging. The EPS also controls activation
of the payload. As mentioned previously,
this spacecraft is a secondary payload.
Consequently, the spacecraft may not
activate until the primary payload is safely
away from the booster to which Falcon Gold
is attached.
A primary challenge was to design a
system that conserves power to maximize

Figure 7: EPS Functional Block Diagram

4.3.1 Batteries
As previously stated, the batteries are
NiMH. The cells chosen are 4/5 A size with
1500 mAh to· 1650 mAh capacity,
depending on brand. Each battery consists of
10 series connected cells for a nominal
battery voltage of 12 VDC. For safety
reasons, there is a fuse and thermal cutoff in
series with the cells. There is also a
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temperature sensor integrated into the
battery for monitoring temperature during
charging.

Through these connections, the payload
devices get their power and the flight
computer gains control over the switched
power. Telemetry from the EPS consists of a
single temperature sensor mounted on the
EPS PCB and a voltage sense line connected
to the unregulated 12V main bus.
The GSE connector is a 100 pin
connector that connects the payload to the
outside world. Through this connector, the
batteries can be fharged and discharged,
telemetry points can be monitored, and the
fail-safes can be· bypassed (for testing
purposes).
The EPS is the same for the
FalconSat design. This is the reason that
secondary cells are used in a primary
function. For FalconSats, however, the EPS
must
contain
a
solar
panel
charginglregulation scheme.

4.3.2 Activation, Regulation, and
Distribution
This is the heart of the Electrical
Power Subsystem. It controls payload
activation and takes the unregulated battery
voltage and supplies the voltages needed by
the payload and the EPS itself.
Activation of the payload is
controlled by two fail-safes: barometric
pressure switches and a delay timer. There
are two pressure switches in series that keep
power disconnected from the delay timer
until the payload reaches a predetermined
altitude, approximately 45,000 feet in this
case. Once these pressure switches both
close, power is applied to the delay timer.
This timer is set for approximately 1 hour
and 7 minutes (4000 sec). After the delay,
the delay timer applies power to the main 12
V bus. This in tum enables an 8 V regulator,
allowing the flight computer to start and run
the mission.
The EPS supplies several voltages to
the payload devices. Some of these regulated
supplies are on all the time and some are
switched under control of the flight
computer. The voltages supplied are 5 VDC
for the delay timer, 8 VDC for the flight
computer, and 13.6 VDC switched to the
transmitter. Unregulated, switched 12 VDC
is also provided for the modem/terminal
node controller in the payload that
packetizes data prior to transmission.

4.4 Microcontroller
The micro controller, which serves as
the CPU which controls the entire
spacecraft, is required to perform several
functions. First, it must activate all other
subsystems. It must send a query to the
GPS, receive its data, packetize it, and send
it on to the TNC. Finally, it must shut down
the other subsystems and then wait for five
minutes. In addition, it must be able to
receive the health and status data from two
thermistors and the average battery voltage
from the EPS to transmit as health and status
data.
The design solution for this
subsystem is a Tattletale Model 8
microcontroller equipped with an 1/0 board.
The programming for the microcontroller
was written at USAF A in the "c"
programming
language.
The
microcontroller and 1/0 boards have the
following specifications:

4.3.3 Connections
The connections to the pay load are
hard-wired power and telemetry connections
that run directly from the EPS PCB to the
payload sensors and flight computer.
8
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•Tattletale Model 8
-

converted to a no-transition. This wavetrain,
in turn, is XOR-ed with a 4800 Hz squarewave. (each half wave -- a high or low pulse
-- of the 4800 Hz signal corresponds to one
bit time at 9600 BPS.) Finally, this signal is
appropriately atten~.mted and fed to the radio
as the actual "audio". The amateur radio
community 1200 BPS format is the same
except the last waveform is used to select
either a 1200 Hz or 2200 Hz tone. For the
9600 BPS data stream, there is no base-band
modulation into audio 'tones'. The digital
waveform itself modulates the radio.
The communications subsystem is
half of that used in the FalconSat bus. Since
there is no requirement for Falcon Gold to
receive commands from the ground, the
receiver
end
of
the
FalconSat
communications subsystem has been left off.

size: 2 x 3 x .5 in
weight: I OZ
memory: 256K RAM, 256K Flash EEPROM
A to D: 8 channels, 12 bit
peak current: 150 rnA
voltage: 7 to 15 V

-liD Board
- same size and weight as microcontrollcr
- 2 RS-232 serial ports
- Digital 110 lines: no more than 25

The microcontroller will be carried
over to the FalconSat bus, however, it is
probable that only one will not cover all the
functions of a larger spacecraft. The current
plan is to have one microcontroller be
responsible for each subsystem.
These
several controllers will be connected to a
main server through a local-area-network
(LAN) connection. The server will act as
the main command and control center for the
entire spacecraft.

5. Program Status and Future Plans

At the time of writing, Falcon Gold
has passed its functional end-to-end test on
board a high altituJe balloon flight, and is
being prepared for qualification testing at
Ball Aerospace in Boulder, Colorado. This
is scheduled to occur in July and August
1997. The spacecraft is due for delivery to
Lockheed Martin on 31 August 1997. The
launch is scheduled for October 1997. The
expected operational lifetime for Falcon
Gold is two weeks.
After the Falcon Gold mission
reaches its completion, there will be two
separate evaluation phases: one for
FalconSat and another for the UGFE. If the
subsystems are verified as space qualified,
then the next FalconSat will incorporate the
knowledge of this' mission into its design.
Lightning, the first complete FalconSat will
carry a charged particle wake experiment
developed by the Physics Department at the
Air Force Academy. It will launch on board
the first Minuteman missile converted for

4.5 Communications

The communications subsystem for
Falcon Gold is a three part system. First is
the Terminal Node Controller (TNC), which
feeds into a transmitter, which uses the
Directional Discontinuity Ring Radiator
(DDRR) antenna on the top of the spacecraft
to broadcast to the ground.
The components for this subsystem
are a Kantronics KPC-9612+ TNC, a Tekk
KS-960transmitter, and the DDRR antenna,
manufactured at the Olde Antenna Shoppe
in Boulder, Colorado.
The transmitter will be broadcasting
at 400.475 MHz, and the data rate is 9600
BPS. Each bit of the bit stream from the
AX.25 protocol routine occupies 0.104
microseconds. But before it is sent to the
radio, it is converted to an edge-oriented
signal: a one is converted to a transition
(either 0 to 1, or 1 to 0), and a zero is
9

space lift missions. The date expected for
this launch is mid-1999.
Future experimental possibilities for
"Falcon Gold class" micro satellites are
another possibility for future development of
this program.

6. Conclusion
Falcon Gold is an exceptional
educational experience fOl cadets at USAF A
and graduate students at UCCS. It allows
the small satellite program at USAF A to
qualify part of its designs for space flight at
minimal cost and risk. Simultaneously, the
program also performs a significant
scientific experiment which may prove
invaluable to future geostationary spacecraft
navigation.
The experience of designing,
building, testing, and flying a spacecraft has
been an exceptional one that enhances the
astronautics curriculum for cadets in
incalculable ways. This program has also
shown the benefits of cooperation with other
educational institutions.
Being an
exclusively
undergraduate
institution,
USAF A lacked the benefit of graduate
students to help on the project; UCCS was
able to fill that need. The relationship
established during this project may also
extend to future mission opportunities.
The launch of the Air Force
Academy's first spacecraft is an exciting
event. We eagerly await this mission, and
look to it as a bridge to the future; not only
for the USAF A Small ,Satellite Program, but
also for the Air Force officers who learned
so much from it.
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